This manuscript describes an analytical method for the quantitative determination of 16-polycyclic aromatic hydrocarbons (PAHs) using accelerated solvent extraction (ASE), followed by purification on a silica cartridge, and subsequent measurement by gas chromatograph coupled to a mass spectrometer (GC-MS). The solvent extraction parameters (T = 100 ˚C, P = 1500 psi, t = 30 min, V = 30 ml) are optimized with dichloromethane (
Introduction
Atmospheric aerosols are composed of mineral dust, inorganic constituents (sulphate and nitrate), carbonaceous matter (organic carbon and elemental carbon) and sea-salts [1] [2] [3] [4] [5] . Among the various components, physical adsorption characteristics of mineral dust, sea-salt (polar), and graphitic carbon (non-polar) are well understood [6] [7] [8] . These characteristics affect the high precision measurements of organic compounds and compromise their application as proxies to trace the aerosol sources and to understand their chemical reactivity with the atmospheric oxidants (O 3 , OH and NO x ) [9] [10] [11] [12] . It is, thus, essential to establish an analytical protocol for the measurements of organic compounds in atmospheric aerosols with varying mass concentration and matrix.
Analytical schemes for the quantitative determination of PAHs in environmental samples and standard reference materials are available in the literature e.g. [12] [13] [14] [15] [16] [17] [18] . However, suitability of many of these is limited to low aerosol loading. More importantly, these analytical methods have not adequately investigated the matrix effect of tarry matter (emitted from agricultural-waste burning) on mass recovery of PAHs. Therefore, development of an analytical protocol is required for the quantitative mass recovery of PAHs, by eliminating the matrix from high atmospheric loading of aerosols. We report here a quantitative method for the determination of PAHs by suitable combination of accelerated solvent extraction (ASE), followed by purification on a silica cartridge and subsequent determination on a gas chromatograph coupled to a mass spectrometer (GC-MS). The suitability of the analytical method has been ascertained from the field-based samples collected from different geographical locations in India.
The analyses of organic compounds by the conventional extraction techniques such as Soxhlet extraction and ultrasonication [14, 19, 20] , though provide their quantitative recovery, require large volume of solvents (>100 mL) and are often labour intensive. In spite of this, the Soxhlet extraction technique has been successfully used for the extraction of PAHs from standard reference materials (SRM-National Institute of Standards and Tech-Isomer Ratios from Biomass Burning Emissions nology) [14, 18] . However, the current demand for ecofriendly environment requires minimum consumption of solvents and rapid sample preparation, without compromising the accuracy and precision. Among the two conventional techniques (ultrasonication and Soxhlet extraction), the former provides rapid sample preparation with comparatively lower consumption of solvent. An alternative extraction technique involving supercritical fluid extraction (SFE) requires longer extraction time and also suffers from the incomplete recovery of PAHs in environmental samples due to analyte-matrix interactions [21] . In contrast, the microwave-assisted solvent extraction (MASE) and the accelerated solvent extraction (ASE) approach are beneficial in terms of lower consumption of solvent and perform extraction in shorter time [12, 15, [22] [23] [24] . However, the MASE technique requires centrifugation and filtration; thus, amounting to the loss of analyte. For the quantitative determination of PAHs, gas chromatography (GC), for its high-resolution and sensitivity, is often preferred rather than liquid chromatography (LC). Recently, the wide range of applications of GC-MS technique has been reviewed [25] .
Experimental Section

Materials and Method
The aerosol samples (n = 17) analyzed in this study are collected from three different sites in India: Patiala (30.2 N; 76.3 E; 250 m asl); Hisar (29.2 N; 75.7 E; 219 m asl) and Shillong (25.7 N; 91.9 E; 1064 m asl). The first two sites are located in the Indo-Gangetic Plain (IGP) whereas the third site lies in the high rainfall region of Northeastern India. The aerosol samples from Patiala and Hisar represent by and large emissions from large-scale agricultural-waste burning emissions [26] [27] [28] in the IGP. However, aerosol composition at Shillong is influenced by the long-range transport of chemical constituents from Southeast Asia. It is relevant to state that the contribution from sea-salts is insignificant at all the three sites for the sampling during Oct-May. The ambient samples were collected onto pre-combusted quartz-fibre filters (PALLFLEX™, 2500QAT-UP, 20 cm × 25 cm) using high-volume samplers at a flow rate of ~1.2 m 3 ·min -1 . Soon after their retrieval, filters were covered with Al-foil, sealed in zip-lock plastic bags and stored at ~ 4˚C until analysis. The aerosol mass is determined gravimetrically on a high precision analytical balance (Sartorius, Model LA130S-F; 0.1 mg) after equilibrating the filters at relative humidity of 40% ± 5% at 24 ± 2˚C for ~ 10 hrs. The concentrations of elemental carbon (EC) and organic carbon (OC) are measured on a EC-OC analyzer (Model 2000, Sunset Laboratory, Forest Grove, USA) using a thermal-optical transmittance (TOT) protocol [2, 9] .
The HPLC grade solvents (≥95%), dichloromethane (DCM), acetone and hexane (Chromasolv ® Plus, SigmaAldrich) are used for the extraction and sample preparation. The 16-PAHs mixture (QTM PAH Mix; 47930-U, in Methylene Chloride, Supelco) and Pyrene-D10 (in methanol, 71390 Absolute Standards INC.) are used as the external and internal standards respectively. The analytical accuracy of PAHs is determined using a standard reference material (SRM-1649b), procured from the National Institute of Standards & Technology (NIST, Gaithersburg, USA). In SRM, PAHs are extracted using the accelerated solvent extraction system (ASE 200, Dionex Corporation, Sunnyvale, USA), followed by evaporation in an evaporator (Turbo Vap LV ® II, Caliper Life Sciences, Hopkinton, USA). Subsequently, extract was purified on silica-solid phase extraction cartridge (SPE; WAT020810, Waters Sep-Pak ® , 3cc/500mg) placed over the vacuum manifold (20 positions, WAT200606). After removal of matrix, extracts were analyzed for PAHs on a GC-MS (Agilent: 7890A/5975C). The detailed approach involving optimization of experimental conditions for the determination of 16-PAHs is described in the following sections.
Optimization of GC-MS Parameters
After several initial tests, a 30 min GC programme (Table 1) was adopted for the separation of 16-PAHs (listed in Table 2 ). Subsequently the MS conditions, especially the ion-source (filament) temperature were standardized for optimum intensity of PAHs. The PAHs were analyzed on a GC-MS in electron impact mode (70 eV). A 1-μL solution of 400 ppb (16-PAHs; QTM mixture) spiked with 200 ng of Pyrene-D10 (internal standard) is separated on a GC capillary column (30 m × 0.25 mm × 0.25 μm; Agilent HP-5MS) at a constant flow rate of 1.3 mL/min of helium gas and analyzed at different filament temperatures; 280˚C (n = 4), 300˚C (n = 4) and 320˚C (n = 4). The PAHs are identified by comparing their retention times (RT) with those for 16-PAHs standard and their quantification is achieved by comparing the peak areas with those of the internal standard (Pyrene-D10). The filament temperature at 300˚C appeared to be the threshold for optimum relative response factors (RRF) for 16-PAHs, calculated as
The ISTD stands for Internal Standard. Likewise, retention time of PAHs at varying filament temperatures (as above), are investigated, and are found to be invariable Isomer Ratios from Biomass Burning Emissions 
Optimization of Purification Step on Silica Cartridge
Aerosol samples contain a wide range of matrices involving mineral dust, organic carbon and elemental carbon. These matrices cause mass interferences with the analytes and affect the resolution of measurements, particularly for the measurements of PAHs on GC-MS. In this study, we have used the silica-SPE cartridge for the purification of PAHs [30] . Prior to the application of silica-SPE cartridges for purification of PAHs in aerosol samples, the elution recovery from 16-PAHs standard is investigated. Accordingly, the silica cartridges, installed over the vacuum manifold are conditioned through 10 mL DCM followed by 10 mL hexane under the vacuum (<340 millibar). The cartridges are dried under normal conditions for 5 min. Subsequently, the 16-PAHs liquid mixture of varying amount 100 ng (n = 3), 400 ng (n = 3) and, 800 ng (n = 3), in 3 mL hexane are loaded on silica cartridges. The matrix is allowed to fall under gravity, and is discarded. The cartridges are dried again for 5 min. The affect of cartridge drying on the PAHs mass recovery has been discussed elsewhere [30] . Subsequently, the elution of PAHs from each cartridge is performed under gravity with 3 mL, 20% DCM in hexane (v/v). The eluate is evaporated to ~ 500 μL under gentle nitrogen gas stream, to which 200 ng of Pyrene-D10 is added. The final solution is made to 1 mL in hexane and stored in amber coloured glass vials at -19˚C until analysis on GC-MS.
Optimization of Extraction Parameters on ASE
The extraction parameters on ASE such as solvent selection, temperature and extraction time on the recovery efficiency of PAHs were investigated at a constant pressure of 1500 psi (103 bars). The extraction at 1500 psi pressure is considered to be optimal for the aerosol samples [12] . The extraction protocol was developed based on the analysis of standard reference material (NIST, SRM-1649b, Urban Dust). The toxic solvents e.g. benzene and its derivatives were not used to assess the extraction efficiency of PAHs. Furthermore, the loss of analyte during sample processing [16] , if any, was checked with the low boiling point solvents e.g. DCM (40˚C), which not only extract PAHs quantitatively from aerosols but also can undergo rapid evaporation. Furthermore, the PAHs were also extracted from SRM in two different solvents viz. DCM (n = 6) and DCM: Acetone (n = 6; 1:1 v/v) at 100˚C, 1500 psi and 3 static cycles of 5 min each. These extracts were evaporated to 1 mL in evaporator (<30˚C) and further to near dryness by gentle nitrogen gas purge. The residue was dissolved in 3 mL hexane. Subsequently, the optimized protocol, described in the previous sections is used for the purification and sample preparation for PAHs analysis. The results suggest that, within the uncertainty of measurements on GC-MS, the yields for individual PAHs were equal with DCM or DCM:Acetone (1:1 v/v). However, DCM was used for the PAHs extraction, due to its rapid evaporation (b.p. 40˚C) in comparison to its mixture with acetone (56.3˚C). The analytical accuracy (Table 2 ) of the protocol was determined by the SRM analysis (n = 19) following the protocol listed in Table 1 . The molecular weight (quantification ion), retention times and the detection limits (inferred from analyses of n = 12 blanks) for 16-PAHs are also given in Table 2 .
Results & Discussion
Temporal Variations in PM 2.5 and Carbonaceous Species (OC, EC)
The PM 2.5 samples, selected for the evaluation of analytical protocol for PAHs analysis, show temporal variability in aerosol mass from 48 to 391 μg·m . The organic and elemental carbon (OC, EC) varied from 15 to 188 μg·m -3 and 2.2 to 18.5 μg·m -3 respectively, whereas Σ PAHs varied from 2 to 46 ng·m -3 . The high OC/EC ratios (range: 4 to 19) indicate the dominant contributions of carbonaceous species from biomass burning emissions (agricultural-waste burning and the wood fuel combustion) [2, 3, 31] .
Sample Preparation for PAHs Analysis
The elution recovery of 16-PAHs on silica-SPE cartridge is optimized using 16-PAHs standard, prior to the analysis of aerosol samples (Figure 1) . The 16-PAHs standard of varying concentrations; 100 ng (n = 3), 400 ng (n = 3) and, 800 ng (n = 3) in 3 mL hexane was eluted from the silica-SPE cartridges. A near quantitative recovery for all 16-PAHs (Figure 1) was achieved with the adopted protocol (as discussed in section 2.3). The assessment of extraction parameters (Figure 2 ) on ASE suggests that extraction at 100˚C for 30 min (@ 1500 psi) is optimum for the quantification of PAHs in SRM. Moreover, analysis of SRM extracts (n = 12) for different conditions on ASE (tested range: 90˚C -120˚C; 5 -15 min static cycle), suggest that though the mass recovery of PAHs depends on the extraction conditions, their isomers do not fractionate under these conditions on ASE (Figure 2) . A one-eighth or one-fourth portion of the quartz filter (based on Total Carbon/ Aerosol Mass) was cut into strips and loaded on the ASE. The PAHs were extracted following a developed protocol (Table 1) The extracts were concentrated to 1 mL in the evaporator (<30˚C) and further to near dryness under a gentle stream of nitrogen gas. The residue was dissolved in 3 mL hexane for purification on a silica-SPE cartridge (for details refer to experimental section 2.3). The analytical accuracy for an individual PAH (except 2-BrNAPH, not reported in SRM certificate) was monitored, based on the analysis of SRM with every batch of samples. Quality-control of the data was checked by analyzing the blank filters routinely.
PAHs Analyses on GC-MS: Evaluation of Protocol for High Aerosol Mass Loading
The operating conditions for PAHs analysis on GC-MS are given in Figure 3) . Furthermore, several analyses of SRM aliquots (~100 mg; n = 19) over a period of one year, determine the analytical accuracy (Table 2) . A total of (n = 17) ambient aerosol samples, collected from different geographical locations in India; from Patiala (n = 8), Hisar (n = 2) and Shillong (n = 7), were Analysis of several sample repeats (n = 17) showed that on an average the external precision of the measurements is ± 4 %. We reemphasis that these samples are representative of tarry matter and soot (along with the mineral dust), and therefore, the analytical protocol investigate the extraction efficiency of PAHs in the presence of varying matrices.
Investigation of Loss of 2-to 3-ring PAHs During Sample Processing
The 100 ng of 16-PAHs mixture (QTM PAH Mix; 47930-U, in Methylene Chloride, Supelco) was spiked on pre-cleaned quartz fibre filters (1.5 sq cm; n = 6). The extraction of PAHs, followed by matrix purification and sample preparation is done in the similar way to aerosol samples. The analyses on GC-MS ensure recovery close to 100% for the individual PAHs. In contrast to the low recovery for 2-to3-ring PAHs in aerosol samples, the high recovery for all 16-PAHs from spiked filters (~100%), indicate the low concentrations of these PAHs (lighter mass) in aerosol samples lead to their low recovery.
Conclusions
An analytical method developed for the quantitative determination of PAHs from standard reference material (NIST-1649b), show analytical accuracy of (100% ± 15%). The adopted protocol for the quantification of PAHs include ASE extraction with DCM at 100˚C for 3 static cycles (of 5 min each) at a constant pressure of 1500 psi, followed by the matrix purification on a pre-cleaned silica cartridge and subsequent analysis on GC-MS, operated at 300˚C as the optimum ion-source temperature. Analysis of field-based aerosol samples show the average extraction efficiency (equation 2) for 4-to 6-ring PAHs is ~100%. The somewhat lower recovery (mean ~85%) for 2-to 3-ring PAHs in the field-based samples is attributable to their lower concentrations in the aerosols. The analytical protocol, for PAHs analysis is ideal to eliminate the matrix effect from tarry matter, soot and mineral dust associated with high atmospheric loading of aerosols.
